Astrocytes regulate extracellular glutamate and water homeostasis through the astrocyte-specific membrane proteins glutamate transporter-1 (GLT1) and aquaporin-4 (AQP4), respectively. The role of astrocytes and the regulation of GLT1 and AQP4 in epilepsy are not fully understood. In this study, we investigated the expression of GLT1 and AQP4 in the intrahippocampal kainic acid (IHKA) model of temporal lobe epilepsy (TLE). We used real-time polymerase chain reaction (RT-PCR), Western blot, and immunohistochemical analysis at 1, 4, 7, and 30 days after kainic acid-induced status epilepticus (SE) to determine hippocampal glial fibrillary acidic protein (GFAP, a marker for reactive astrocytes), GLT1, and AQP4 expression changes during the development of epilepsy (epileptogenesis). Following IHKA, all mice had SE and progressive increases in GFAP immunoreactivity and GFAP protein expression out to 30 days post-SE. A significant initial increase in dorsal hippocampal GLT1 immunoreactivity and protein levels were observed 1 day post SE and followed by a marked downregulation at 4 and 7 days post SE with a return to near control levels by 30 days post SE. AQP4 dorsal hippocampal protein expression was significantly downregulated at 1 day post SE and was followed by a gradual return to baseline levels with a significant increase in ipsilateral protein levels by 30 days post SE. Transient increases in GFAP and AQP4 mRNA were also observed. Our findings suggest that specific molecular changes in astrocyte glutamate transporters and water channels occur during epileptogenesis in this model, and suggest the novel therapeutic strategy of restoring glutamate and water homeostasis.
Introduction
Epilepsy is a group of disorders characterized by the unpredictable occurrence of seizures. It is a major public health concern and is estimated to afflict one in 26 people in their lifetime (Hesdorffer et al., 2011) . Temporal lobe epilepsy (TLE), the most common form of epilepsy, affects over 40 million people worldwide alone (de Lanerolle et al., 2012) . Approximately 30% of patients taking antiepileptic drugs (AEDs), however, do not become seizure-free with existing medications. Current AEDs primarily target neurons and often cause severe cognitive, developmental, and behavioral side effects. Therefore, new drugs based on non-neuronal targets are an appealing alternative approach with potentially fewer deleterious effects. Although it has been well established that increased neuronal excitability is a major contributor to epilepsy, increasing evidence suggests that changes in astrocytes contribute to the development of epilepsy (Hubbard et al., 2013) .
Astrocytes, a critical component of the tripartite synapse (Araque et al., 1999) , participate in ionic homeostasis, energy metabolism (Ransom and Ransom, 2012) , the formation of synaptic networks (Ransom et al., 2003) , and the modulation of synaptic transmission (Halassa and Haydon, 2010; Murphy-Royal et al., 2015; Volterra and Meldolesi, 2005) . Striking changes in astrocytic shape and function are observed in "reactive" cells, often measured by levels of the intermediate filament glial fibrillary acidic protein (GFAP). Based on not only morphological alterations but also functional changes in expression of channels and receptors, reactive astrocytes may contribute to increased neuronal excitability and the development of epilepsy (Binder and Steinhäuser, 2006; Hubbard et al., 2013) .
Extracellular glutamate levels determine the extent of neuronal excitability; therefore it is crucial to maintain low glutamate levels in the extracellular space (ECS). Glutamate transporters are responsible for removing glutamate from the ECS. The most prominently expressed glutamate transporter in the mammalian forebrain is glutamate transporter-1 (GLT1) (Danbolt, 2001) , found almost exclusively on astrocytes. Deletion (Tanaka et al., 1997) or antisense oligonucleotidemediated inhibition of synthesis (Rothstein et al., 1996) of GLT1 in rodents revealed that it is the major contributor to glutamate uptake from the ECS. GLT1-mediated glutamate removal from the tripartite synapse is conducted in an activity-regulated manner, thereby shaping synaptic transmission (Murphy-Royal et al., 2015) . Furthermore, homozygous mice deficient in GLT1 develop lethal spontaneous seizures (Tanaka et al., 1997) . Overexpression of GLT1, on the other hand, attenuated epileptogenesis and reduced seizure frequency in transgenic mice (Kong et al., 2012) . It is widely accepted that delayed glutamate clearance from the ECS is implicated in seizures (Campbell and Hablitz, 2004; During and Spencer, 1993; Glass and Dragunow, 1995; Hubbard et al., 2013; Tanaka et al., 1997) , but whether changes in GLT1 expression or function underlie the development of epilepsy is unknown.
The aquaporins (AQPs) are a family of small, hydrophobic membrane water channels that facilitate water transport in response to osmotic gradients (Agre et al., 2002; Amiry-Moghaddam and Ottersen, 2003; Binder et al., 2012; Verkman, 2005) . Aquaporin-4 (AQP4) is the main water channel in the brain and spinal cord and is expressed by glial cells, especially at specialized membrane domains including astroglial endfeet in contact with blood vessels and astrocyte membranes that ensheathe glutamatergic synapses (Nagelhus et al., 2004; Nielsen et al., 1997; Rash et al., 1998) . The creation of AQP4 knockout mice in 1997 (Ma et al., 1997) helped elucidate the various functions of AQP4 in the brain. It is now known that AQP4 plays a role in potassium buffering , modulation of extracellular space diffusion (Binder et al., 2004) , and even in synaptic plasticity and memory (Skucas et al., 2011; Szu and Binder, 2016) . Mice deficient in AQP4 have increased seizure duration and decreased AQP4 immunoreactivity during the early epileptogenic phase in mouse models of epilepsy (Alvestad et al., 2013; Lee et al., 2012b) . AQP4 has been implicated in epilepsy (Binder et al., 2012; Eid et al., 2005; Lee et al., 2012a; Lee et al., 2012b) , but the expression and regulation of AQP4 during epileptogenesis has not been fully characterized.
In this study, we used the well-established intrahippocampal kainic acid (IHKA) mouse model of temporal lobe epilepsy (Arabadzisz et al., 2005; Bouilleret et al., 1999; Riban et al., 2002) to fully examine GFAP, GLT1 and AQP4 regulation during epileptogenesis. We used real-time polymerase chain reaction (RT-PCR), Western blot, and immunohistochemical analysis at 1, 4, 7, and 30 days after IHKA-induced status epilepticus (SE) to determine hippocampal GFAP, GLT1, and AQP4 expression changes during the development of epilepsy. We found a significant initial increase in dorsal hippocampal GLT1 immunoreactivity and protein levels 1 day post SE and a significant downregulation by 7 days post SE. AQP4 dorsal hippocampal protein levels were downregulated at early time points after SE and were upregulated ipsilaterally at 30 days post SE. These results indicate significant downregulation of these critical glial transporters (GLT1 and AQP4) during the early epileptogenic period in this model.
Methods

Animals
All experiments were conducted in accordance with National Institutes of Health guidelines and were approved by the University of California, Riverside Institutional Animal Care and Use Committee (IACUC). Animals were housed under a 12 h light/12 h dark cycle with food and water provided ad libitum. 7 to 8-week-old CD1 male mice from Charles River were used for these experiments.
Surgery
We used intrahippocampal kainic acid (IHKA) injections to induce epileptogenesis (Arabadzisz et al., 2005; Bouilleret et al., 1999; Riban et al., 2002) . Briefly, mice were anesthetized with an intraperitoneal (i.p.) injection of a mixture of 80 mg/kg ketamine and 10 mg/kg xylazine and mounted in a stereotaxic frame. An incision was made to expose the skull and bregma was located. Using stereotaxic coordinates of the hippocampus (Paxinos and Franklin, 2001 ), a 0.6 mm burr hole was made 1.8 mm posterior and 1.6 mm lateral from bregma with a high-speed drill (Drummond Scientific). Mice were injected with either 74 nL of a 20 mM solution of kainic acid or an equal volume of 0.9% saline over a period of 4 min using a microinjector (Nanoject, Drummond Scientific) into the right dorsal hippocampus (dorsoventral coordinate 1.9 mm).
Kainic acid status epilepticus
After kainic acid injections, all mice experienced status epilepticus (SE), defined by Racine scale stage 3-5 seizures (Racine, 1972) continuously for a period of 3 or more hours. In preliminary studies, we verified the presence of epileptiform activity in 100% of animals after IHKA injections by video-electroencephalogram (EEG) monitoring (Lee et al., 2012b) (Arabadzisz et al., 2005; Bouilleret et al., 1999; Riban et al., 2002 ) demonstrated that the model reproduced morphological characteristics of mesial temporal sclerosis, including neuronal loss, gliosis, mossy fiber sprouting, and dentate granule cell dispersion. We have previously confirmed the pattern of neuronal loss in CA1 and progressive dentate granule cell dispersion as well as performed chronic video-EEG recording in this model (Lee et al., 2012b) (Supplemental Fig. S1 in the online version at http://dx.doi.org/10.1016/j.expneurol. 2016.05.003.).
For the current studies, we wished to avoid electrode damage to the brain and therefore proceeded without the use of EEG implantation. Instead, we monitored animals for behavioral seizures. All animals experienced continuous (3 or more hours) Racine stage 3-5 seizures (Racine, 1972) , characterized by forelimb and hindlimb clonus, rearing, and falling. Animals that died due to SE were excluded from the study. Otherwise, at each time point n = 5 animals were euthanized with fatal plus (Western Medical Supply), perfused, and processed for each experiment, unless otherwise specified.
Immunohistochemistry
Mice were perfused transcardially with ice-cold phosphate buffered saline (PBS), pH 7.4, followed by 4% paraformaldehyde, pH 7.4. Brains were quickly removed and postfixed in 4% paraformaldehyde overnight at 4°C followed by two days of cryoprotection in 30% sucrose in PBS at 4°C. Brains were then cut into 50 μm coronal sections using a cryostat (Leica CM 1950, Leica Microsytems, Bannockburn, IL) and stored in PBS at 4°C. All slices were processed simultaneously. Endogenous peroxidase activity was quenched by incubating slices in 3% H 2 O 2 for 1 h at room temperature. This was followed by a 1 h blocking step with 5% normal goat serum in 0.1 M PBS. Slices were then incubated with primary antibody to GLT1 (1:3000, AbCam AB41621) and GFAP (1:200, Millipore MAB360) in 0.3% Triton X-100 overnight at 4°C. After washing slices with PBS, sections were incubated with species-specific secondary antibody conjugated with Alexa 488 or 594 and a tyramide signaling amplification (TSA) kit (Molecular Probes/Invitrogen) for visualization. Slices were mounted in Vectorshield with DAPI (Vector Laboratories) and 10 × images were taken using a fluorescence microscope (Leica DFC345 FX). Confocal 40× images were taken on the Leica SP5 inverted microscope.
Quantification was performed using the Leica Application Suite (LAS) X Lite software. Fluorescent images of the hippocampus were captured at 10× magnification under identical settings. A box delineating the region of interest (ROI) was drawn on the DAPI channel either around all layers of the hippocampus or at the center of each layer of the hippocampus: stratum (S.) oriens, S. pyramidale, S. radiatum, S. lacunosum moleculare (SLM), molecular layer, granule cell layer (GCL), and hilus (Supplemental Fig. S2B in the online version at http:// dx.doi.org/10.1016/j.expneurol.2016.05.003.). In the CA3 region of the hippocampus, ROIs around the S. lucidum, S. pyramidale, and S. oriens were drawn (Supplemental Fig. S2B in the online version at http://dx. doi.org/10.1016/j.expneurol.2016.05.003.). The mean pixel (gray) value within each ROI was obtained for analysis. For each time point, 4 slices from each animal (n = 5) were used.
Western blot analysis
Dorsal hippocampus was microdissected from the mouse brain at 1, 4, 7, and 30 days post intrahippocampal kainic acid (IHKA) or saline injection (n = 7 for 7 days post SE; n = 5 for saline control and all other time points). Harvested tissue was homogenized using the Bullet Blender bead homogenizer (Next Advance) in radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1% NP-40, 0.5 sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 7.5) containing complete protease inhibitors (Roche). Protein concentrations were assayed and protein was resolved by SDS-PAGE, 10% polyacrylamide, and transferred to a nitrocellulose membrane. The membranes were then probed for either AQP4 (1:1000, Millipore ABN411) or GLT1 (1:5000 of a C-terminal polyclonal antibody (Rothstein et al., 1994) ) and β-actin (1:10,000, Sigma A1978) as an internal control. Whole hippocampal tissue was microdissected, processed, and probed for GFAP (1:5000, Millipore AB5804), AQP4 (1:1000, Millipore ABN411), or GLT1 (1:10,000, AbCam AB41621; also confirmed with 1:5000 of the C-terminal polyclonal antibody (Rothstein et al., 1994) ) while again using β-actin (1:10,000, Sigma A1978) as an internal control. Bands were visualized and quantified using the Li-COR Odyssey Fc Western Imaging System and protein levels of AQP4, GLT1 and GFAP were normalized to internal β-actin levels. The upper (tetrameric) band for AQP4 is shown, was determined to be specific (Supplemental Fig. S3 in the online version at http://dx.doi.org/10. 1016/j.expneurol.2016.05.003.), and therefore was used for quantification. For GLT1, both the lower and upper bands are shown but only quantification of the lower band was included for simplicity. Similar results, however, were observed when quantifying the upper band.
Real-time polymerase chain reaction (RT-PCR) analysis
Whole or dorsal hippocampus was microdissected from the mouse brain at 1, 4, 7, and 30 days post intrahippocampal kainic acid (IHKA) or saline injection. Harvested tissue was homogenized using the Bullet Blender bead homogenizer (Next Advance). RNA was isolated using the Direct-Zol RNA mini prep kit (Zymo Research) and quantified using a nanodrop (Thermo Scientific NanoDrop 2000c Spectrophotometer). Both cDNA synthesis and RT-PCR were performed using the Bioline SensiFAST SYBR NO-ROX Kit and the CFX-96 detection system (Bio-Rad). Primers for AQP4, GLT1, GFAP and 18s RNA (Table 1) were purchased from Integrated DNA Technologies. The reaction conditions were as follows: 1 cycle for 10 min at 45°C, 1 cycle for 2 min at 95°C, 40 cycles for 5 s at 95°C, and 1 cycle for 20 s at 60°C. Results were quantified using the differential CT method representing the fold change in target gene expression. Both a no template control (NTC) and a no reverse transcriptase (NRT) control were included in each assay to detect any contamination or non-specific replication.
Statistical analysis
Statistical analysis was performed using a one-way ANOVA with post-hoc Bonferroni multiple comparisons test. All error bars are presented as the mean ± standard error of the mean (SEM). A comparison to saline control was denoted statistically significance by a p-value b0.05, b0.01 or b0.001 and denoted with *, **, or ***, respectively. Any statistically significant differences between other time points were not indicated for the purpose of clarity.
Results
Increased GFAP expression
Hippocampal GFAP and DAPI immunoreactivity were imaged after saline injections (control) and at 1, 4, 7, and 30 days post kainic acidinduced status epilepticus (SE). Analysis of GFAP immunoreactivity revealed a progressive increase in GFAP in the hippocampus ipsilateral to kainic acid injection (Fig. 1) . GFAP immunoreactivity was markedly elevated at 4, 7, and 30 days post kainic acid-induced SE compared to the saline control in every layer of the hippocampus except in the stratum (S.) radiatum and stratum lacunosum moleculare (SLM) at 4 days post SE. The formation of a sclerotic hippocampus, as observed here, is a hallmark of temporal lobe epilepsy (TLE). At 1 day post SE, no difference from the saline control was observed. A similar progressive increase in GFAP immunoreactivity was observed in the CA3 region of the ipsilateral hippocampus (Supplemental We next used Western blot and RT-PCR to investigate changes in GFAP hippocampal protein and mRNA levels, respectively (Fig. 2) . We found a progressive increase in GFAP protein levels in both the ipsilateral ( Fig. 2A-B) and contralateral ( Fig. 2D-E) hippocampi. Specifically, no changes in GFAP protein expression were observed 1 day post SE, but a trend towards increased protein was observed 4 days post SE with a significant and persistent increase at 7 and 30 days post SE. GFAP mRNA, on the other hand, showed a significant increase in expression at 1 and 4 days post SE in the ipsilateral hippocampus (Fig. 2C) but only an increase at 1 day post SE in the contralateral hippocampus (Fig. 2F) . Taken together, these results suggest that both GFAP mRNA and protein are significantly increased during epileptogenesis in the IHKA model.
Alterations in glutamate transporter-1 (GLT1) expression
GLT1 and DAPI immunoreactivity in the hippocampus were imaged after saline injections (control) and at 1, 4, 7, and 30 days post kainic acid-induced status epilepticus (SE) (Figs. 3-4) . Marked changes in GLT1 immunoreactivity were observed in the ipsilateral hippocampus after IHKA injections (Fig. 3 ). An initial increase in GLT1 immunoreactivity was observed at 1 day post SE, which subsided by 4 days post SE, was followed by a significant downregulation at 7 days post SE, and returned to near baseline levels by 30 days post SE. More specifically, a significant increase in GLT1 immunoreactivity was observed in all layers of the hippocampus at 1 day post SE (Fig. 3B) . By 4 days post SE, GLT1 immunoreactivity was persistently decreased in the primarily astrocytic layers (S. radiatum, SLM, molecular layer) for the remainder of the time course study. In the hilus, however, GLT1 immunoreactivity was downregulated at 4 and 7 days post SE, but returned to baseline levels by 30 days post SE. Similar results were seen in the CA3 region of the ipsilateral hippocampus (Supplemental Fig. S6 in the online version at http://dx. doi.org/10.1016/j.expneurol.2016.05.003.). The neuronal layers, S. pyramidale and granule cell layer (GCL), did not show any downregulation of GLT1 immunoreactivity. In fact, GLT1 levels were elevated at 4 days post SE in the S. pyramidale layer and returned to saline control levels by 7 days post SE. Although GLT1 immunoreactivity was no different from the saline control at 4 and 7 days post SE in the GCL, immunoreactivity was elevated at 30 days post SE. This is likely due to reactive astrocytic processes protruding into the dispersed GCL in the sclerotic hippocampus at this time point (Fig. 1) . Higher magnification images of GLT1 and GFAP immunoreactivity in the ipsilateral hippocampus can be seen in Supplemental Similar changes in GLT1 immunoreactivity were observed in the contralateral hippocampus (Fig. 4) . Throughout the hippocampal layers, GLT1 was downregulated at 4 and 7 days post SE with the exception of the S. oriens at 4 days post SE (Fig. 4B) . A significant increase in GLT1 immunoreactivity 1 day post SE was only observed in the SLM and hilus of the contralateral hippocampus. A persistent downregulation of GLT1 immunoreactivity out to 30 days post SE was only detected in the SLM. In the CA3 region of the hippocampus, GLT1 immunoreactivity was downregulated at 4 and 7 days post SE in all layers quantified (Supplemental Fig. S7 in the online version at http://dx.doi.org/10.1016/j.expneurol.2016.05.003.). Thus, downregulation of GLT1 immunoreactivity was observed in both ipsilateral and contralateral hippocampi at 4 and 7 days. Higher magnification images of GLT1 immunoreactivity in the contralateral hippocampus can be seen in Supplemental Fig. S8 in the online version at http://dx.doi.org/10.1016/j.expneurol.2016.05.003.. GLT1 and GFAP were highly colocalized in the saline control and 1 day post SE. At 4 and 7 days post SE, many GLT-negative/GFAP-positive astrocytes are seen. Western blot analysis revealed a significant increase in dorsal hippocampal GLT1 protein levels at 1 day post SE followed by a significant downregulation of GLT1 protein levels by 7 days post SE in the ipsilateral hippocampus compared to the saline control (Fig. 5A-B) . In the contralateral dorsal hippocampus, significant downregulation of GLT1 protein was found at 4 and 7 days post SE (Fig. 5D-E) . These results were consistent with the immunohistochemical findings (Figs. 3-4 ) both in direction and time course. Quantitative RT-PCR analysis of GLT1 mRNA revealed no changes in GLT1 mRNA levels in either the ipsilateral (Fig. 5C) or contralateral (Fig. 5F ) dorsal hippocampus with the exception of an increase in GLT1 mRNA in the ipsilateral hippocampus 7 days post SE. Overall, these results indicate a strong regulation of GLT1 dorsal hippocampal protein levels with an increase at 1 day and significant decreases at 4 and 7 days post SE in this model, with little accompanying change in GLT1 mRNA levels. Separate analysis of whole hippocampal GLT1 protein and mRNA levels revealed no change in protein levels but small decrease in GLT1 mRNA in the ipsilateral hippocampus 1 day post SE and an increase in GLT1 mRNA in the contralateral hippocampus 7 days post SE (Supplemental Fig. S9 in the online version at http://dx.doi.org/10.1016/j.expneurol.2016.05.003.). 
Changes in aquaporin-4 (AQP4) expression
We have previously demonstrated marked downregulation of AQP4 immunoreactivity in the IHKA model (Lee et al., 2012b) . Therefore, we aimed to characterize AQP4 protein and mRNA expression changes using Western blot and RT-PCR, respectively. We found a dramatic downregulation of AQP4 protein 1 day and 4 days post SE in the ipsilateral dorsal hippocampus (Fig. 6A-B) . AQP4 returned to nearly control protein levels by 7 days post SE and significantly increased AQP4 protein levels were observed at 30 days post SE. In the contralateral dorsal hippocampus, AQP4 protein was immediately downregulated by 1 day post SE (Fi. 6D-E). This was followed by a gradual return to control AQP4 levels. Increased levels of AQP4 mRNA were observed 7 days post SE in both the ipsilateral (Fig. 6C) and contralateral (Fig. 6F ) dorsal hippocampi. The highest level of AQP4 mRNA expression, however, was observed 4 days post SE in the ipsilateral dorsal hippocampus. Together, these results suggest that AQP4 regulation in the dorsal hippocampus occurs both at the mRNA and protein level in the IHKA model of epilepsy. Separate analysis of whole hippocampal AQP4 protein revealed no changes at any time point examined (Supplemental Fig. S10 in the online version at http://dx.doi.org/10.1016/j.expneurol. 2016.05.003.); AQP4 mRNA levels, however, were significantly increased in both the ipsilateral and contralateral hippocampi to injection (Supplemental Fig. S10 in the online version at http://dx.doi.org/10. 1016/j.expneurol.2016.05.003.).
Discussion
In this study, we used RT-PCR, Western blot, and immunohistochemistry to examine changes in the key astrocytic molecules GFAP, GLT1, and AQP4 at various time points post status epilepticus (SE) in the intrahippocampal kainic acid (IHKA) model of epilepsy. First, we found pronounced increases in GFAP immunoreactivity and hippocampal GFAP protein levels accompanied by transient increases in GFAP mRNA. Second, we found an upregulation of dorsal hippocampal GLT1 immunoreactivity and protein at 1 day post SE. Third, we found a significant reduction in dorsal hippocampal GLT1 immunoreactivity and protein expression at 4 and 7 days post SE, which returned to near control levels by 30 days post SE. Fourth, AQP4 dorsal hippocampal protein levels were immediately downregulated and mRNA upregulated shortly after kainic acid-induced SE. Fifth, we found significant regulation of GLT1 and AQP4 in the hippocampus contralateral as well as ipsilateral to KA injection; interestingly, these changes occurred in the absence of sclerotic changes (such as CA1 pyramidal cell death and dentate granule cell dispersion) in the contralateral hippocampus. Thus, regulation of AQP4 and GLT1 by seizure activity does not appear to require cell death/sclerosis. This time course study is the first to examine mRNA, protein, and immunoreactivity changes of GLT1 and AQP4 in a well-established model of temporal lobe epilepsy (TLE). These results support the hypothesis that intense seizures regulate GLT1 and AQP4 expression and may lead to a functionally relevant astrocytic dysregulation of glutamate uptake and water and potassium homeostasis during epileptogenesis.
Increased GFAP expression following SE
Hippocampal sclerosis (HS), a common pathological feature of TLE, is characterized by a pronounced loss of pyramidal neurons, granule cell dispersion, microvascular proliferation, synaptic reorganization, and reactive gliosis (Blümcke et al., 1999; Clasadonte and Haydon, 2012; de Lanerolle et al., 2012; Margerison and Corsellis, 1966) . When present, the sclerotic hippocampus may be the focus of seizure origin (Babb et al., 1984) . Here, we used GFAP, a member of the intermediate filament structural protein family that is predominantly expressed by astrocytes, as a marker for astrocytic gliosis (astrogliosis). Similar to what was observed previously in the contralateral hippocampus (Lee et al., 2012b) , a progressive increase in GFAP immunoreactivity over time was detected in the hippocampus ipsilateral to intrahippocampal kainic acid (IHKA) injections. The most prominent levels were observed at the 30 days post SE when the ipsilateral hippocampus exhibited signs of HS (including granule cell dispersion, CA1 cell loss and reactive astrocytosis). Parallel to these observations, we found progressive increases in GFAP protein levels over time. Early significant upregulation of GFAP mRNA was observed at 1 day, most likely contributing to the protein increases. Similar to our results, other studies have also found significant increases in GFAP gene expression in both the latent and chronic stages of epilepsy (Lukasiuk and Pitkänen, 2004) . Our findings also match previous studies that demonstrated increased GFAP expression in the electrical kindling (Miyazaki et al., 2003; Stringer, 1996; Torre et al., 1993) , pentylenetetrazol (PTZ) (Torre et al., 1993) , kainic acid (Bendotti et al., 2000; Lee et al., 2012b) , and frequent repetitive febrile seizures (FRFS) (Yang et al., 2009 ) models of epilepsy.
Although astrogliosis in epilepsy is well established, the mechanism of GFAP upregulation remains unknown. One study has suggested transcriptional activation of GFAP by the neuropeptide galanin and calcitonin gene-related peptide (CGRP) in cultured astrocytes (Priller et al., 1998) . More recently, it was observed that IL-1β regulated cortical reorganization of F-actin through Rho GTPase-Rho kinase pathway (John et al., 2004) . In a murine corticectomy model of CNS lesion, GFAP transcript elevation immediately followed the early rise in IL-1β mRNA (Herx and Yong, 2001 ). Interestingly, IL-1β knockout mice did not exhibit injury-induced upregulation of GFAP mRNA and protein 2-3 days after injury, although GFAP immunoreactivity was not different between wild-type and knockout mice by 5-7 days after lesion induction (Herx and Yong, 2001) . Future studies could further elucidate mechanisms of GFAP upregulation. Whether astrogliosis itself contributes to epileptogenesis is unclear. A recent study has shown that mice with conditional deletion of β1-integrin develop widespread reactive astrogliosis, spontaneous seizures and impairment of glutamate uptake (Robel et al., 2015) .
Pronounced glutamate transporter-1 (GLT1) expression changes following SE
It is well known that extracellular levels of glutamate are elevated during seizures (Campbell and Hablitz, 2004; During and Spencer, 1993; Glass and Dragunow, 1995; Hubbard et al., 2013; Tanaka et al., 1997) . Increased levels of glutamate in the extracellular space (ECS) are likely due either to increased glutamate release and/or impaired reuptake. Glutamate transporter-1 (GLT1) is responsible for the majority of glutamate uptake from the ECS (Danbolt, 2001 ) and therefore reduced levels of glutamate uptake by GLT1 could powerfully contribute to hyperexcitability and seizure generation. Human tissue data have revealed reduced GLT1 (human analog is called excitatory amino acid transporter 2, EAAT2) immunoreactivity in the sclerotic hippocampus (Mathern et al., 1999; Proper et al., 2002; van der Hel et al., 2005) and either no change (Mathern et al., 1999) or increased GLT1/EAAT2 expression in the non-HS (Bjornsen et al., 2007; Eid et al., 2004; Tessler et al., 1999) . The use of animal models, on the other hand, has so far demonstrated equivocal results on the regulation of GLT1 expression in epilepsy. Downregulation (Samuelsson et al. 2000; Ueda et al. 2001; Lopes et al. 2013; Sakurai et al., 2015) , upregulation (Simantov et al. 1999) , or no change (Miller et al. 1997) in GLT1 have all been reported in a variety of epilepsy models. These differences, however, can be accounted for by several factors, including mRNA vs. protein evaluation, distinct models used, brain region examined, and time point(s) used in the study (e.g., latent or chronic phase). For example, we demonstrated an initial increase in GLT1 expression that subsided and subsequently became downregulated in the dorsal hippocampus. Our current study is the first to examine both early and chronic time points, regional specificity (dorsal vs. whole hippocampus and hippocampal field and laminar analysis), and combine immunoreactivity with Western blot and RT-PCR analysis.
Recent studies have shown dynamic regulation of astrocyte GLT1. Recently, Sakurai et al. (2015) demonstrated that neuronal cell death was associated with a focal loss of GLT1 immunoreactivity and stronger immunoreactivity for glutamate (Sakurai et al., 2015) . In addition, Murphy-Royal et al. (2015) found that although GLT1 is anchored to the membrane at synapses, it can be untethered after glutamate release and can undergo rapid, activity-regulated surface diffusion between synaptic and non-synaptic sites to ensure effective glutamate clearance (Murphy-Royal et al., 2015) . Since GLT1 may be regulated by the intensity of neuronal activity, its expression may vary during the course of epileptogenesis, as we have shown here. Increased levels were found at 1 day post SE (after a long duration of high intensity seizures) with decreased levels becoming apparent as early as 4 days post SE. The early reduction of GLT1 expression may lead to increased extracellular glutamate levels that consequently contribute to hyperexcitability and neuronal cell death. The loss of GLT1, therefore, could contribute to Fig. 4 . Glutamate transporter-1 (GLT1) immunoreactivity in the contralateral hippocampus after kainic acid-induced status epilepticus (SE). A. 10× images of GLT1 (green), DAPI (blue), and merged immunoreactivity of the contralateral hippocampus after saline injections (Saline control) and 1, 4, 7, and 30 days (d) post SE. B. Quantification of GLT1 immunoreactivity in the various layers of the hippocampus contralateral to kainic acid injections. * indicates p b 0.05, ** indicates p b 0.01, and *** indicates p b 0.001 when compared to saline control. Scale bar =200 μm. SO = stratum oriens; SP = stratum pyramidale; SR = stratum radiatum; SLM = stratum lacunosum moleculare; ML = molecular layer; GCL = granule cell layer; H = hilus. the transition from a healthy brain to an epileptic one. Further studies will need to characterize (i) mechanisms of regulation of GLT1 by seizures; (ii) subcellular trafficking of GLT1; and (iii) posttranslational modification(s) of GLT1 in epilepsy. Posttranslational modifications such as sumoylation (Foran et al., 2014) and S-nitrosylation (Raju et al., 2015) have been described that may contribute to alterations in plasma membrane vs. cytosolic localization of GLT1. Subcellular trafficking of GLT1 would carry significant implications for the efficacy of glutamate clearance and thus network hyperexcitability.
Striking aquaporin-4 (AQP4) changes following SE
Increasing evidence suggests dysregulation of water and potassium homeostasis in epilepsy (Binder et al., 2012; Binder and Steinhäuser, 2006) . Expression and subcellular localization of AQP4 is altered in sclerotic human hippocampi (Lee et al., 2004) , with increased total AQP4 protein but a reduction in perivascular membrane expression (Eid et al., 2005) . AQP4 knockout mice have significantly prolonged seizure duration associated with a deficit in extracellular K + clearance Haj-Yasein et al., 2015; Strohschein et al., 2011) . These results together suggest a pro-epileptogenic effect of AQP4 dysregulation (Binder et al., 2012; Dudek and Rogawski, 2005; Wetherington et al., 2008 ). In the current study, we found decreased dorsal AQP4 protein levels in both the ipsilateral and contralateral dorsal hippocampi 1 day post SE. These results closely align with previously observed reductions in AQP4 immunoreactivity early after SE (Lee et al., 2012b) . In the dorsal ipsilateral hippocampus, AQP4 protein levels remained downregulated at 4 days post SE and were found to be upregulated in the chronically epileptic brain (30 days post SE). We also found transient increases in AQP4 mRNA levels. These mRNA changes may be compensatory, restoring AQP4 protein levels after the significant drop in protein at early time points post SE.
Other results also suggest that AQP4 dysregulation may occur early during epileptogenesis. Kim et al. studied regulation of various aquaporins in the rat pilocarpine model of epilepsy (Kim et al., 2009; Kim et al., 2010) . In control animals, AQP4 immunoreactivity was detected diffusely in the piriform cortex and hippocampus, with the greatest expression at astrocyte endfeet. Following status epilepticus in this model the authors describe an "AQP4-deleted area" in the piriform cortex. However, EEG analysis for timing of spontaneous seizure onset was not investigated. In a distinct model of intraperitoneal kainic acid administration in rats, Alvestad et al. (2013) found mislocalization of AQP4. In particular, using immunogold analysis these investigators demonstrated that AQP4 was reduced in adluminal endfoot membranes but was stable or slightly increased in abluminal endfoot membranes (Alvestad et al., 2013) . This occurred in the early epileptogenic period prior to the occurrence of spontaneous seizures. AQP4 regulation and subcellular compartmentalization remain to be examined in other models of epilepsy. In particular, distinct epilepsy models in which epileptogenesis occurs in the absence of detectable cell death would prove useful in determining the threshold for AQP4 regulation.
Alterations in glial molecules during epileptogenesis may play a role in epilepsy-associated cognitive dysfunction. For example, increasing evidence has suggested an important role for AQP4 in the regulation of synaptic plasticity in the hippocampus and amygdala (Szu and Binder, 2016) . AQP4-deficient mice have been found to have marked deficits in synaptic plasticity, including deficits in long-term potentiation and long-term depression, and impairment in location-specific object memory (Skucas et al., 2011) . More recent studies from other groups have confirmed deficits in synaptic plasticity in AQP4-deficient mice (Fan et al., 2013; Li et al., 2012; Yang et al., 2013) . In human patients with mesial TLE, a correlation between IQ and AQP4 expression was observed (Kandratavicius et al., 2015) . Therefore, a downregulation of AQP4 may lead not only to hyperexcitability but also to broader deficits in synaptic plasticity and cognitive performance which are important comorbidities in patients with epilepsy (Bell et al., 2011; Brooks-Kayal et al., 2013) .
Conclusion
Here we demonstrate reductions in GLT1 and AQP4 during the early epileptogenic period. Early disruption of astrocytic water, potassium, and glutamate homeostasis could have powerful epileptogenic and cognitive effects. While there is some apparent partial recovery of overall AQP4 and GLT1 expression at the longest time point studied (30 days), the pattern of expression remains quite distinct, and subcellular dysregulation of AQP4 function is known to occur in chronic epilepsy (Alvestad et al., 2013; Eid et al., 2005) . Furthermore, in addition to these changes in key astrocyte molecules, the overall anatomy of the hippocampus changes dramatically in the progression toward hippocampal sclerosis.
Future studies could examine mechanisms of activity-regulated GLT1 and AQP4 expression in vitro and in vivo. In addition, if normalization of GLT1 and AQP4 expression and function ameliorates hyperexcitability, this could provide a new astrocyte-based antiepileptogenic strategy.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.expneurol.2016.05.003. 
